Abstract Minerals and collagen are major components of bone. At present, little is known about the material property of the jaw bone compared to other bones of the body. The purpose of this study was to characterize the material property of mandibular bone expressed by the amount of mineral, collagen, and hydroxylysine (Hyl) in comparison with humeral and femoral bones using human cadavers. Mineral and collagen contents were significantly higher in the mandible than in humerus and femur but Hyl was significantly lower in the mandible. Among the three indices, a weak but significantly positive correlation between collagen and mineral contents was observed. On the contrary, Hyl showed a weak but significantly negative correlation with mineral. The three indices were almost not affected by aging, gender, and dental status which were thought to influence bone quantity. These results suggest that human mandibular bone differs in material property from humeral and femoral bones, and may possess a higher mechanical property explained by the hypothesis that adequate and no excessive extent of lysine hydroxylation of collagen leads to optimal collagen fibrillogenesis and matrix mineralization. The assessment of bone property as shown in this study could disclose unknown characteristics which cannot be expressed by bone quantity.
Introduction
Patient's individual property of jaw bones leads to various levels in alveolar bone resorption around teeth and dental implants and in edentulous ridge reduction of denture wearers. To understand the property of jaw bones, it is important to confirm whether or not a significant difference exists between the properties of jaw bone and other systemic bones. However, radiographic approaches have not proved a sufficient correlation in bone quantity between jaw and systemic bones 1) . In addition to bone quantity, bone material property is another important factor in determining bone mechanical property. Bone matrix consists of a two-phase composite material: mineral and fibrillar type I collagen, the predominant organic matrix component. Mineral and fibrillar type I collagen are closely associated with each other; the latter functions as a three-dimensional template organizing the former's deposition and growth 2) . Due to the well-organized architectural arrangement between mineral and type I collagen fibrils, bone material acquires durability against external forces. In addition, the nature and extent of post-translational modifications of collagen, many of which are unique to collagen 3) , are related to the organization of mineral and collagen fibrils 2) . One such important modification is hydroxylation of specific lysine (Lys) residues since it determines the pattern of covalent intermolecular cross-linking and serves as glycosylation sites [4] [5] [6] . Those modifications in turn could affect collagen maturation 7, 8) , fibrillogenesis and mineralization 9-11) . Thus, the contents of mineral and collagen and the extent of Lys hydroxylation of collagen could contribute to bone material property. However, such approach for characterization of human jaw bones has not been performed. To characterize human jaw bones with emphasis on material property, a comparative study on the amount of mineral, collagen, and hydroxylysine (Hyl) of collagen in mandibular bones with those in humeral and femoral bones was performed.
Department of Morphological Biology of this College. . To determine the contents of collagen and Hyl of collagen, amino acid analysis was performed. Approximately 3 mg of dried bone powder was hydrolyzed with 6N HCl as previously described 15) , and an aliquot of each hydrolysate was subjected to amino acid analysis on a high performance liquid chromatography (HPLC) system (C-R7A/ LC-10A, Shimadzu, Kyoto, Japan) with a strong cation exchange column (Shim-pack Amino-Li, Shimadzu, Kyoto, Japan) 5) . The amount of collagen was calculated based on the value of hydroxyproline (Hyp) and expressed as µg/mg of dried bone sample 16) . The extent of Lys hydroxylation of collagen was expressed as the ratio of Hyl/Lys+Hyl 17) .
Comparisons of data among mandibular, humeral and femoral bones were performed using 44 subjects whose data were obtained exhaustively from the three bones. Associations of the contents of mineral and collagen and the extent of Lys hydroxylation of collagen with one another were performed using the data from 142 bones (48 mandibles, 48 humerus, and 46 femur). Associations with age and comparisons by gender were performed for each bone, and comparison by dental status (between 23 dentate subjects who had at least one tooth at the mental region; incisors and canines, and 25 edentate subjects) was done in the mandibular bone only.
Statistical analysis
All statistical analyses were performed using GraphPad Prism were considered to be significant at p < 0.05.
Results

Comparisons of the three indices among mandibular, humeral and femoral bones
The mineral content was significantly higher in the mandibular bone (62.9 ± 2.8 %) than in humeral (60.1 ± 1.9 %) and femoral (59.7 ± 3.9 %) bones ( Fig. 1) . Likewise, the collagen content was significantly higher in mandibular bone (165.2 ± 35.6 µg/mg) than in humeral (146.4 ± 23.0µg/mg) and femoral (139.5 ± 25.1µg/ mg) bones (Fig 2) . Conversely, the extent of Lys hydroxylation was significantly lower in mandibular bone (11.9 ± 0.9 %) in comparison with humeral (14.8 ± 4.0 %) and femoral (13.7 ± 1.2 %) bones (Fig. 3) .
Associations among the three indices
The collagen content to some extent showed weak but 
Associations of the three indices with age and comparisons by gender and dental status
Except for Hyl of collagen in femoral bone, the contents of mineral, collagen, and Hyl of collagen were not significantly associated with age in either bone (Table 1) . Moreover, the three indices were not significantly different in male and female in either bone (Table 2) . Furthermore, dentate and edentate conditions did not show significance of all the three indices in mandibular bone (Table 3) . Lys hydroxylation 11.9 ± 0.9 11.9 ± 0.9 14.6 ± 3.9 13.4 ± 2.2 13.7 ± 1.2 14.6 ± 3.0 (%, Hyl/Lys+Hyl) Data were expressed as means ± SD. n: number of subjects tested. No significant differences were thoroughly obtained between male and female. 62.5 ± 1.5 63.2 ± 2.7 169.1 ± 42.5 153.0 ± 22.4 11.8 ± 0.8 11.9 ± 1.0 Table 3 Comparisons of mineral and collagen contents and extent of Lys hydroxylation of collagen in mandibular bone by dental status Data were expressed as means ± SD. Dentate: 23 subjects who had at least one tooth at the mental region; incisors and canines. Edentate: 25 subjects who had no teeth at the region. No significant differences were thoroughly obtained between dentate and edentate groups.
Discussion
collagen, and Lys hydroxylation have been reported by a number of osteoporotic studies. In human, osteoporotic bones, which exhibit decreased quantity and impaired mineralization of bone, have shown lower content of collagen 18, 19) and higher extent of Lys hydroxylation [19] [20] [21] [22] be partly damaged compared to those from fresh bone. However, the contents of collagen (average of 125~128 ìg/mg of dried bone)
and Hyl (average of ~18%) of the fresh cortical femoral heads and necks reported by a previous study 18) are comparable to those of the same bones shown in this study. Collagen molecules in bone constitute triple-helical structure and form rigid fibrils tightly packed in mineral possibly exhibits resistance against collagenases.
In fact, covalent intermolecular cross-links in bone are preserved in formalin for 6 months 26) , and even without formalin fixation, they are persistent and detectable from ancient human who lived more than 3000 years ago 27) . Considering those studies, the data regarding collagen in this study is undeniable.
Bone quantity decreases with age, differs by gender, and differs by dental status in jaw bones. Interestingly, in this study, those factors unlikely affected the material property implying that bone material property is not affected simply by aging, gender, and external forces. It is still controversial whether or not the property of jaw bones is associated with that of systemic bones by radiographic assessments; some feasible reasons are invalid methods to assess jaw bone quantity and invalid designs of study 1) . However, bone quantity is originally a limited contributor of bone property which further include structural properties; e.g. micro-and macro-structure, trabecular thinning and loss of connectivity, cortical thinning and porosity, and material
properties; e.g. microdamage, content of mineral, collagen property 28) . An assessment of bone material property expressed by mineral, collagen, and Lys hydroxylation of collagen could be an additional method to quantify the property of jaw bones.
